ABSTRACl
Satisfaction of the physiological needs a r e the LMany authorities feel that p r i m e r e q u i s i t e s for a s s u r i n g m a n ' s performance i n a short-duration mission. longer-duration missions will r e q u i r e essentially only an i n c r e a s e in requirements proportional to the length of the mission, based upon s h o r t t e r m figures. The authors contend, on the other hand, that long-duration stays in s p a c e may require much m o r e elaborate provisions f o r a s s u r i n g the upkeep of m o r a l e and p e rf o r m a n c e . This paper establishes the essential , hahitability needs that allow m a n to p e r f o r m for long periods of time. An evaluation of studies concerning habitability requirements is made. periods of habitability a r e discussed, and a n habitability index will be established. m i s s i o n i s u s e d~a s an example, showing the length of stay a s a function of payload weights, and habitability f e a t u r e s through the u s e of an habitability index.
The important
An hypothetical MEANING O F HABITABILITY "The more modern the ship and the g r e a t e r the need f o r intelligence i n h e r crew, the more objectionable she s e e m s to become in point of q u a r t e r s f o r the men, until we have about reached the point where it i s well to call a halt on c e r t a i n disastrous tendencies i n the direction of the utter d i s r e g a r d
of what intelligent men a r e capable of putting up with. . . . it w i l l be best to point out s o m e changes which a r e needed i n the internal a r r a n g e m e n t s and discipline of o u r ships, i n o r d e r to s e c u r e the c r e a t u r e c o m f o r t s to the men under all conditions of s e r v i c e , and thus r e n d e r the ships habitable and attractive. The physical condition of the men, when it comes to action or to conditions of war, is of g r e a t e r moment than the, . . e x t r a knots . . . f o r which we a r e asked to s a c r i f i c e s o much. " This quotation i s not the work of a human f a c t o r s specialist i n spacecabin design, nor that qf a modern naval architect.
Ensign A. P. Niblack of the U. S. Navy, a s p a r t of a n e s s a y concerning the habitability problems aboard Navy v e s s e l s (Reference 1). In relation to the living standards of the e r a , concern for habitability a s a means of augmenting c r e w performance m u s t have been considered throughout naval and, now, space history. However, each generation of d e s i g n e r s i n their zeal f o r getting the most with the l e a s t , and packing the greatest into the s m a l l e s t ( o r 1ightestLfrequently forgets the essential f a c t o r s of habitability and needs to be reminded.
It was written i n 1891 by
The operation of a permanent space station o r l u n a r base for a p r olonged period of time depends upon the ability of each crewman to p e r f o r m the t a s k s assigned to him. For s h o r t durations, man will tolerate f a i r l y primitive environmental situations a s long a s the physiological essentials a r e provided. F o r long durations, however, more than these frugal conditions a r e required to a s s u r e that optimal p e r f o r m a n c e w i l l he maintained. System design initiated with a habitability a s the unifying concept morale.
costs.
# e A beneficial fallout of the philosophy will be individual motivation 0 w i l l not only i n s u r e performance, hut a l s o a s s i s t in maintaining crew a to increased duration of tours-a factor that may w e l l d e c r e a s e total mission-I What, then, does habitability m e a n ? Webster defines habitability as the capability of bcing inhabited by a tenant of the c l a s s ordinarily occupying s u c h a dwelling. T h e kc)-t o this definition i s the class of the tenant, that i s , he i s provided with that to which he i s accustomed. Thus, habitability includes those c h a r a c t e r i s t i c s which determine the o v e r -a l l environment of the individual f o r the space vehicle these include compartment design, a t m o s p h e r c and t h e r m a l control, food and water, gravitation, radiation protcction, personnel hygiene. cuntroi of noise and vibratioii, et=. Habitability a l s o implies an environment that approaches a comfortable e a r t h situation.
HABITABILITY AND SPACE SYSTEMS M a n ' s f u t u r e r e q u i r e m e n t s for life in a space vehicle will be based upon ( i ) space flight duration, ( 2 ) nature of the m i s s i o n and the t a s k s to be p e r f o r m e d , ( 3 ) n u m b e r s of m e n involved, and (4) the distances to be t r a v e r s e d . His needs will change a s the p r o g r a m s a l t e r and enlarge.
In the past, m o s t engineering i n t e r e s t i n the m a t t e r of s p a c c environmental r e q u i r e m e n t s h a s been concerned with sustaining man as a passive p a s s e n g e r i n s p a c e flights of minimal duration. The concept of providing m a n with a n environment to promote his role a s an active performing unit in extended missions h a s been neglected. and m i n i m u m sustenance r e p r e s e n t s a n important f i r s t step in the deveiopment of manned s p a c e and l u n a r operations, engineering planning for a long-duration m i s s i o n m u s t consider the environmental requirements for man a s a n efficient functional component.
A s space p r o g r a m s develop, the following d i s t i n c t types of manned Although the emphasis on survival ( R c f e r e n c e 2). space s y s t c m s a r c expected to be in opcration: cabins f o r up to s e v c r a l days duration orbital flight, ( 2 ) multi-manned "chicles with a n approximately-2 week mission duration; and ( 3 ) space stations and planetary bases. Long duration habitations i n space will a t f i r s t be ccntered about space stations and l u n a r b a s e s . vehicles will t r a n s p o r t personnel and equipment f r o m the surface of the e a r t h to manned, a r t i f i c i a l space stations. o r b i t a t a n altitude of approximately 300 m i l e s , c i r c l i n g the e a r t h about e v e r y two hours. p u r p o s e s , but will probably be expanded f o r long-duration basing.
( 1 ) s m a l l single o r two-man Logistics support T h e s e manned space stations will L u n a r bases will initially be established f o r exploratory I t thus becomes apparent that the l i f e support problem could range f r o m one of relative simplicity t o one of utmost complexity, depending on the operational r e q u i r e m e n t s of the mission. m a n into s h o r t -t e r m orbital flights lasting s e v e r a l h o u r s . Since the d u r ations w e r e s h o r t , and the altitude relatively low, radiation was not regarded as a significant problem. M o r e o v e r , with only one p a s s e n g e r , the support We have succeeded i n putting w a s relatively simplc in relation to thc m o r e complex problem of sustaining future multi-inhabited s p a c e stations.
In summation, i t a p p e a r s that space p r o g r a m s will dictate thc niiturc of the life support problcms a s based upon lcngth of m i s s i o n whercin (1) s h o r t trips i n days or w e e k s will p c r m i t designing t h e s p a c e capsule and its intcrnai environment with a m i n i m a l c e g r e e of c o m f o r t for humansprescnt only i n a passenger capacity; ( 2 ) medium-icngth t r i p s for esta!,iislling lunar bases or s p a c e stations requiring m a r k e d improvemcnt of habitable provisions: and (3) or planctary miasions ncccssitating a duplicdtion of m a n ' s comforta'ulc t c r r e s t r i a l environment.
extcnded-duration space-station keeping, l u n a r basing, T h e s e advanced projects involvc a variety of space stations and planetary basc concepts, a l l of will depend upon adequate considcration of habitability factors to i n s u r e succcss of operation. T h c r c f o r e , the question the designer mnst answer 1 s : "What m u s t be designed into the s y s t e m to provide adequate habitability?" To a n s w c r this, the factors which influcncc habitability m u s t b e clearly identified. usable design, procedural, and opcrational r c q u i r c m c n t s . T h i s paper is concerned with a b r i e f consideration of tiicsc habitability f a c t o r s , but p r i m a r i l y with a method of providing a m e a n s of comparing one s p a c e system design to another, and a l s o to a n optimum bascline standard-thus the HABITABILITY INDEX.
They c a n then be translated into
FACTORS AFFECTING HABITABILITY FOR LONG DURATION MISSIONS
GENERAL CONSIDERATIONS I t i s e s s e n t i a l to consider habitability f a c t o r s because they m a y have an A d e c r e a s e i n m a n r $ effectivei m p o r t a n t e f f e c t on manls p e r f o r m a n c e level. n e s s could r e s u l t i n an o v e r -a l l deterioration of system efficiency. of habitability, s u c h a s a s l e e p l e s s night due to h e a t o r c r a m p e d , a i r l e s s q u a r t e r s , can play a significant r o l e in reduced efficiency. often significantly i m p a i r coordination, which would obviously d e c r e a s e efficiency. (Reference 2)
A lack
High noise levels Naval operations, distant early-warning s i t e s , polar IGY a c t i v i t i e s , and l a b o r a t o r y experiments have provided much information rklative to the r e q u i r e m e n t s f o r the psychological and physiological well-being of man. R e p o r t s of these activities a r e pertinent t o long-term space m i s s i o n s because they include verified data regarding manned operations i n remote locations under a d v e r s c environmental conditions, o r confinement and other s t r e s s e s i n controlled experiments. E a r t h -b a s e d activities, no m a t t e r how isolated o r how well simulated, cannot approach the r e m o t e n e s s or finality of a s a t e l l i t e or lunar base. of a b a s e l i n e for habitability r e q u i r e m e n t s .
However, t h e s e studies provide some indication
The b a s i c habitability f a c t o r s that can be determined f o r any given s p a c e c r a f t a r e (1) environmental control, (2) nutrition and p e r s o n a l hygiene, ( 3 ) gravitational conditions, (4) living s p a c e and (5) c r e w workrest c y c l e s a n d f i t n e s s p r o g r a m s .
This p a p e r a s s u m e s the explicit r e q u i r e m e n t s of safe and reliable life s u p p o r t s y s t e m s . d i r e c t l y r e l a t e d to their confidence in t h e s y s t e m . should u s e s e p a r a t e p r e s s u r e compartments, as well as other techniques, to r e d u c e t h e chances of aborting an e n t i r e m i s s i o n if only a portion of the s p a c e c r a f t is damaged, and a l s o to i n c r e a s e a c r e w m a n ' s confidence in the mission.
The extent t o which people can endure spaceflight is Long-duration s p a c e c r a f t A final factor related t o habitability-one which is often overlookedi s total s y s t e m cost. although t h e shapes of the curves are reasonably accurate a n d i l l u s t r a t e that the limitations on cabin dimensions can r a n g e f r o m unusual a t m o s p h e r e s and high-g f o r c e s t o minute c r e w compartments. h i s t o r i c a l l y t r u e , that the m o r e complex a n d s t r e s s f u l a vehicle i s , the more F i g u r e 1 is a trend c h a r t without p r e c i s e quantities, It i s not only evident, but training a crew m u s t undergo to operate the s y s t e m . c e n t r i f u g e s , zero-g f l i g h t s , e g r e s s t r a i n c r s , e t c . , a r e becoming v e r y expensive. Selection p r o g r a m s a r e a l s o v e r y expcnsive. If the c o n s t r a i n t s f o r this meticulously evaluated p r o g r a m a r e reduced, the vehicle c o s t s will go up. However, it i s belicved t h e r e i s a crossover point, where it no longer pays to d e s t r o y habitability. A m o s t i m p o r t a n t consideration in this r e g a r d is the duration of a c r e w m a n ' s tour i n space. hahitability provisions c a n be a m e a n s of motivating the crewman to accept f o r habitation become. probability that man cannot effectively endurc cxtended missions. this i s apparently t r u e , aerospace l i t e r a t u r e abounds with exceptions. opinion concerning spaceflight would bc l e s s favorable if 50 percent of a l l astronauts suffered major psychological and physiological symptoms during every long-duration space flight. An expert's advice, explaining that t h e symptoms w e r e due to the s p a c e c r a f t design, would not be needed: nor would i t help if i t wcre explained that a m a n on t h e ground exposed to the samc c o n s t r a i n t s would suffer identical symptoms. p r o g r a m s a r e planned, new s p a c e c r a f t are designed, and r e s e a r c h conducted, the level of habitability designed into the s y s t e m m u s t be commens u r a t e with the full r a n g e of anticipated m i s s i o n durations. Theoretical and experimental studies of controlled confinement situations have indicated many f a c t o r s that influencc habitability, and are amenable to h a r d w a r e design r e q u i r e m e n t s such a s t h e volume o r area which may bc hahited by man; the c o m f o r t of the environment; the visual, aural, and tactual inputs; the l i f e sustenance provisions; the sanitation f a c i l i t i e s ; and the n a t u r e of the t a s k s r e q u i r e d of man.
ENVIRONMENTAL CONTROL

Atmosphere
The longer the flight, the m o r e e s s e n t i a l the provisions
The lower the habitability index, the g r e a t e r the Although Public
T h e r e f o r e , when new s p a c e All a t m o s p h e r i c f a c t o r s m u s t be maintained within a r a n g e . Even though slight deviation f r o m this rangc i s tolerated, human p e r f o r m a n c e is a p t to be a d v c r s e l y a f f e c t e d . s l e e p i n e s s and p e r f o r m a n c e decrement. any length of time may c a u s e deficient performance, even though no physical h a r m o c c u r s . 160 m m Hg, then total p r e s s u r e of only about 3 psi need be maintained f o r s h o r t durations. However, the physiological e f f e c t s of remaining f o r many months i n an a t m o s p h e r e of pure oxygen a t low p r e s s u r e a r e uncertain, and Even a slight amount of anoxia can produce Exposurc to toxic products f o r
! !
As long as the p a r t i a l p r e s s u r e of oxygen i s maintained a t
6
I r e l i a b l e information i s needed. n i t r o g e n is questionable the question for a need f o r s o m e diluent g a s (such as n i t r o g e n , helium, or neon) is presently quite controversial. The physiologic a l a n d physical benefits to be gained by using a diluent gas probably f a r outweigh a n y drawbacks. F o r long duration m i s s i o n s , a diluent gas i s expected to be standard. P r e s e n t knowledge of the optimal composition of a mixed gas a t m o s p h e r e i s by no m e a n s s a t i s f a c t o r y , and m u c h work r e m a i n s to be accomplished.
should b e adequate.
Although the physiologic necessity f o r I t appears, however, that a total p r e s s u r e of 7.0 to 10 p s i a C a r b o n dioxide levels should be maintained below 5 m i l l i m e t e r s of m e r c u r y . However, t h i s m a y not be s o c r i t i c a l at lower p r e s s u r e levels. In e m e r g e n c y conditions, g r e a t e r concentrations of carbon dioxide can be t o l e r a t e d without s c r i o u s p e r f o r m a n c e i m p a i r m e n t . One Study h a s shown that m a n can p e r f o r m f a i r l y efficiently in an e m e r g e n c y situation in carbon dioxide levels as high a s 20 m i l l i m e t e r s of m e r c u r y f o r 60 days (Reference
) .
Toxic product control i s an important and c r i t i c a l problem of a t m o sphere regulations. e m i t products that may become toxic in a sealed s y s t e m . sources of toxic emanations a r e carbon dioxide, p a i n t , human f l a t u s , l u b r i c a n t s , and carbon monoxide from c i g a r e t t e smoking.
Many i t e m s considered n e u t r a l under normal conditions Examples of
T h e e a r l y detection of toxic products is a n e c e s s i t y in a sealed s y s t e m .
The development of s o m e specific techniques will be required f o r each space s y s t e m . The problem of the r e m o v a l of a t m o s p h c r i c contaminants can be a l l e v i a t e d by s e v e r a l m e a n s of controlling toxic p r o d u c t s . utilization of products with low toxic contents, t o t a l enclosure or isolation of toxic m a t e r i a l s , control o r elimination of d u s t s a n d solid p a r t i c l e s , and washing g a s e s f r o m the air with s c r u b b e r s . r e c i r c u l a t e d through filtration s y s t e m s , e s p e c i a l l y for removal of radiation p a r t i c l e s , control of ionized a i r , and deodorization.
T h e r m a l Control Among these a r e Also, the a i r may be completely
Numerous studies show that high t e m p e r a t u r e and humidity a d v e r s e l y a f f e c t p e r f o r m a n c e , d e c r e a s e m o r a l e , and m a y even be a factor i n accident susceptibility (Rcference 1 , 4 ) . T e m p e r a t u r e a n d humidity should be m a i n t a i n e d within the comfort range for minimum w a t e r vapor production and m a x i m u m p e r s o n n e l efficiency. This c o m f o r t r a n g e will v a r y somewhat, depending upon the work conditions, humidity, a n d r a t e of a i r movement. In g e n e r a l , a n effective t e m p e r a t u r e of 7 1 F (range 68 to 74 F), a relative humidity of 30 to 70 p c r c c n t , and a n airflow of 1 5 t o 40 fect per minute are recommended. e f f e c t of humidity, ambient t e m p e r a t u r e , and a i r movement upon the subjective feeling of t e m p e r a t u r e .
NUTRITION AND PERSONAL HYGIENE
Effective t e m p e r a t u r e h a s been derived f r o m studies on the Nutrition A v a r i e d , palatable diet i s an important m o r a l e f a c t o r , especially during protracted periods of isolation o r other s t r e s s . A s u r v e y of n u m e rous studies made during the past 20 y e a r s l e a d s to the conclusion t h a t m a n r a r e l y i s content t o survive on d r y food or food concentrates f o r m o r e than a brief period. Dill and Menninger (Reference 5 , 6 ) , and many o t h e r s , have indicatcd that palatability and variety a r e p r i m e r e q u i s i t c s i n food planning, not only because of the physical needs, but a l s o because of the strong emotional values a s s o c i a t e d with food during long periods of isolation. The impact of individual experiences and cultural patterns on appetite and food habits i s Enormous. Bondy and Dill (Reference 7 , 5) suggest that a lack of appealing food over a long time can become a s e v e r e $ t i c s $ and may even be a f a c t o r in precipitating a mental o r psychoneurotic breakdown. I t may be a serious error to s t r e s s nutritional r e q u i r e m e n t s and to neglect flavor and appearance. discarded by troops i n combat areas because thc monotony of the food w a s intolerable. Water f o r other purposes i s d i s c u s s e d below.
P e r s o n a l Hygiene and Other Water Needs Many a nutritional but unappetizing m e a l h a s been
The need f o r water f o r physiological r e q u i r e m e n t s is obvious. P e r s o n a l hygicnc and sanitation m u s t be rigidly controlled. In isolated b a s e s , especially where boredom o r stress i s commonplace, t h e r e is a tendency f o r hygienic s t a n d a r d s to d c t e r i o r a t e .
Authorities i n the fields of group m o r a l e , health, and welfare a g r e e that an adequate water supply f o r personal hygiene is e s s e n t i a l (Reference 8 ) . Although highly motivated people might endure s h o r t rations of w a t e r f o r an indefinite time, it h a s been demonstrated that an adequate w a t e r supply contributes immeasurably to optimum performance. Navy experience h a s shown that insistence upon pcrsonal c l e a n l i n e s s , togcther with an adequate water supply, is a vital m o r a l e f a c t o r (Reference 1, 8 ) . F a u c e t t and Newman (Rcference 12) indicate that, over a long period of t i m e , the deprivation of sufficient water f o r showers and cleaning has been citcd a5 a condition of s t r e s s which may f o s t e r fatigue o r even m e n t a l breakdown (Reference 3 ) . T a b l e 1 l i s t s w a t e r r e q u i r e m e n t s f o r v a r i o u s A g e n e r a l breakdown of w a t e r u s e aboard ships is shown in
OrganiLation
Gallons P e r Man-Day IGY p o l a r expedition U s e E s t i m a t e s o i other watcr needs i o r s p a c e s y s t e m s a r e much lower b e c a u s e o f the expected efiiciency of bathing techniques, i. e . , bathing g a r m e n t s , ctc. will allow m o r e n e a r l y normal washing techniques.
Regenerative w a t e r s y s t e m s and artificial g or planetary g
Noise, Vibration, Radiation, Illumination
Other environmental f a c t o r s need be only briefly mentioned. It i s w e l l known that e x c e s s i v e noise levels arc physiologically h a r m f u l and that lowcr levels may produce p e r f o r m a n c e decrement ( R e l e r e n c e 1). S i m i l a r i m p a i rments h a v e been shown in r e l a t i o n to vibration.
Radiation protcction is a n unqualified e s s c n t i a l . Although low levcls o i exposure may be t o l e r a t e d , a n y c s p o s u r e that produces performance d c c r e m c n t m a y have a s e r i o u s a l t c r m a t h . T h e r e l o r e , radiation above accepted p e r m i s s i b l e l e v e l s is considered inhabitable. acceptable levels o i radiation exposure for i n d u s t r i a l w o r k e r s at one e x t r e m e , and data f r o m s e v e r a l industrial r e a c t o r accidents on the o t h e r , l i m i t s 01 acceptable d o s e lor a s t r o n a u t s can be derivcd. I t i s a s s u m e d t h a t thc a s t r o n a u t will be allowcd the s a m e total l i l e t i m e d o s e during h i s s p a r c e career as an industrial worker during his working lifetime. t h a t s t r u c t u r a l shielding will pi-ovide a i a i r l y low l e v e l of a m b i c n t radiation, and that lor periods of high s o l a r f l a r e activity, p e r s o n a l protection o r other techniques may be uscd.
B a s e d upon It i s expected
The provision 01 p r o p e r illumination, and the c a r e f u l selection 01 i n t e r i o r c o l o r s lor U I C i n s p a c e s y s t e m s c a n contribute m u c h to a n ellicient work environment, and to improved habitability of living areas. Voluminous information on problems of i n t e r n a l lighting eifectively d e m o n s t r a t e s thc i m p o r t a n c e 01 p r o p e r illumination O n visual acuity, visual health, and work ellectiveness. Recommcndations for a p p r o p r i a t e illumination levels Lor v a r i o u s t a s k r e q u i r e m e n t s i n the home, oilice, and f a c t o r y have r e c e i v e d widespread publication (Refercnce 2).
GRAVITATIONAL CONDITIONS
Zero-G ~
The influence of z e r o -g on habitability is subject to debate. Some maintain the inconvenience of anchoring objccts and t h c s t r a n g e n e s s of the situation w i l l produce many complaints, r e g a r d l e s s of the innocuous eflects zero-g may have for long duration. and i n s i s t the novelty o i the situation will g r e a t l y r e l i e v e boredom. l e s s of the c o r r e c t v i c w , the iactors that enable a consistent orientation reierence f o r the crew will provide l o r improved habitability.
Others sec zero-g a s a g r e a t convenience Regard-
1
Except f o r w e i g h t l e s s n e s s , the m a j o r i t y 01 the bioastronautic problems t o b e encountcred during lunar s p a c e flights can bc simulated and studied. The e f f e c t s of chronic exposure to z e r o -g will not be fully a p p r e c i a t e d until the e a r l y o r b i t a l flights of M e r c u r y , Gemini, and Apollo a r e completcd. s u c c e s s l u l completion o i the initial Mercury orbital flights a r e now p a r t of I T h c m s p a c e h i s t o r y , and detailed analysis. of s e v e r a l h o u r s exposure to weightlessn e s s h a s b e e n undertaken. permanent pathological damagc during these flights. The psychophysiological r e s p o n s e s to prolonged u n r e s t r a i n e d weightlessness are s t i l l not known. The R u s s i a n cosmonauts withstood several days of w e i g h t l e s s n e s s , seemingly without untoward effect. Again, data are lacking. Other methods of approach to weightless study have bcen prolonged w a t e r i m m e r s i o n , b e d r e s t , and extrapolation of effects in s h o r t parabolic a i r c r a f t flights. Some bioastronautic s p e c i a l i s t s have speculated that t h e r e m a y be a signiiicant d e t e r i o r a t i o n of c a r d i o v a s c u l a r function during long e x p o s u r e to z e r o -g , with consequent reduction i n tolerancc to a c c e l e r a t i o n s a n d decelerations encountered in m a n e u v e r s , lunar landing, and e s p e c i a l l y r e e n t r y and r e t u r n t o e a r t h . w e i g h t l e s s n e s s have been d e s c r i b e d , but whether o r not this type of approach will be useful m u s t a w a i t evaluation of the e a r l y o r b i t a l m i s s i o n s .
I t a p p e a r s that the a s t r o n a u t s i n c u r r e d no Several devices to help ofiset c a r d i o v a s c u l a r accommodation to
c r a f t led some authorities to suggest that the s p a c e c r a f t cabin could b e efficiently a r r a n g e d i f the crew w e r e oriented a t d i f f e r e n t angles with r e s p e c t t o e a c h other. However, optimizing s u c h a r r a n g e m e n t s becomes a l m o s t i m p o s s i b l e because of the innumerablc combinations that m u s t be evaluated. T h e c o s t of this p r o g r a m would d e t r a c t f r o m m o r e important Lactors which r e q u i r e c a r e f u l analysis. T h e r e are numerous r e a s o n s to justify a c o n s i s t e n t v e r t i c a l orientation f o r many m i s s i o n s , especially e a r t h o r b i t a l t y p e s .
The
Many h u m a n t a s k s r e q u i r e judgements concerning various relationships I f , by judicious application of the supposed advantages of optimum z e r o -g cfficiency, t h e c r e w faced continually varying r e f e r e n c e planes, judgement would a l m o s t c e r t a i n l y b e poor, unlcss aided by s p e c i a l provisions. design p r a c t i c e suggests selecting a single r e f e r e n c e plane permitting alignment of t h e i n t e r i o r t o be consistent with this s e l e c t e
Good
The In addition to maintaining a consistent orientation Any food that d o e s r e m a i n in thc a i r Airflow of sufficient vclocity t o b e easily s e c s e d is a generally undesirable condition. But i n the z e r o -g s p a c e c r a f t , air movement can be uscd to kecp s t r a y objects out of the mouths and noses OL the c r e w , and can add to the v a r i e t y of sensations important in coniinemcnt. In e a r l y Llights, the c r e w should bc given the option to regulate a i r movement. compartments with various airflows can be used to add another dimension v a r i e t y in the z e r o -g s p a c e station.
S e p a r a t e
Artificial-g An artificial-g s p a c e c r a f t can b e used to e l i m i n a t e many of the inconvcnicnces of the z e r o -g s p a c e c r a f t . ations a r e not given c l o s e attcntion, an a r t i f i c i a l gravity station could cause m o r e problems than i t s o l v e s . Howcver, i f a number OL c o n s i d e rSpacecraft rotation seems to be the only p r a c t i c a l m e a n s of c r e a t i n g a constant iorce environment. f c r e s with their n e u r a l m u s c u l a r coordination. T h e r e i s however, a definite combination of rotational velocities and rotational r a d i i that would be acceptable to m a n . can adapt t h e m s e l v e s , though not .so quickly, to velocities u p t o 10 r p m . s k a t e r s often achievc s p c e d s of 50 r p m , but the axis of t h e i r rotation is through the ccntcr of their bodies, and only s m a l l f o r c e s a r e applied. The 10 rpm upper l i m i t h a s been dcrived f r o m r e s e a r c h where subjects were a t a distance i r o m the axis o i rotation. I t was found that r e c o v e r y f r o m rotation takes as long, or s o m e t i m e s l o n g e r , than the original adaptation period. Spinning humans c r e a t c s dizziness and i n t e rPcople quickly a d j u s t to rotations of up to 4 r p m , and
Ice
N u m e r o u s rotating space station concepts have been suggested by govcrnmental and i n d u s t r i a l personncl. 6 i i t o r t e d visual f i e l d s , unless s t e p s are taken t o b r e a k up t h e visual scenc into a r e a s consistent with c r e w orientation. visual compartments that could be uscd In t o r u s , hexagonal, and b a s i c s p a c e station shapcs. The c u r v c s f o r the wall angles a r e for angles with r e s p c c t to the m a n ' s v e r t i c a l as he stands in a s p a c e station. up and curved s u r f a c e s are u s e d , the 12-degrcc anglc might be acceptable. The 3-degree value i s near threshold of distortion for tiltcd r o o m s when judgcments a r e n ' t aided by cucs due to objects placed near the corners.
Many of t h e s e involve r a t h e r Thc r e p o r t by L o r e t (Rcfercnce 9) i s an excellent b a s i c work f Lunar and P l a n e t a r y -g
The l u n a r one-sixth g m a y produce s o m e physiological adaptation s i m i l a r t o that expected with zero-g. rcduced g will probably be quite pleasurable and readily offset by learning and i i t n e s s p r o g r a m s . s p e c i a l habitability effects.
LIVING SPACE
I n g e n e r a l , however, the effect of this Except f o r t h e c a s e of motion, there should be no One of t h e m a j o r f a c t o r s of i n t e r e s t i n s p a c e cabin design is the suitability of a p a r t i c u l a r configuration for extended habitation, and, consequently, the amount of living s p a c e provided. Many s u r v e y s and studies have been m a d e during t h e past thirty y e a r s for the purpose of evaluating living a r e a r e q u i r e m e n t s . It has been shown that c r a m p e d living q u a r t e r s with l i t t l e privacy can cause fatigue and poor m o r a l e , with a consequent lowering of p e r f o r m a n c e efficiency. Kahn and K a l e s (Reference 10, 11) opine that inadequate q u a r t e r s and physical d i s c o m f o r t have b e e n cited as f a c t o r s leading to fatigue and breakdown in combat pilots. Inadequate housing was considered a s one of the m a j o r causes of breakdown i n concentration c a m p s .
R e s u l t s of the Navy habitability (Reier'ence 1 ) survey indicate that adequate s p a c e and p r i v a c y are important f a c t o r s i n t h e maintenance of m o r a l e . The r e s u l t s of the p e r s o n n e l opinion poll taken during t h i s survey show that, next t o a t m o s p h e r i c conditions, living space r e q u i r e m e n t s were considered m o s t
important. Regarding the IGY polar expedition i n 1957-58, Siple (Reference 12) stated that t h e ample living s p a c e provided for each man helped to solve the psychological problems of prolonged confinement, the relatively l a r g e area a s s u r e d a m e a s u r e of privacy, and t h e e x t r a servicing n e c e s s a r y allowed less t i m e for idleness.
It is s u g g e s t e d , t h e r e f o r e , that volume is an important element of m a n ' s basic n e e d s . because the i m p o r t a n t point is that many o t h e r f a c t o r s can approach normal e a r t h -l i k e conditions if volume is sufiicient. The following m a j o r f a c t o r s Can approach e a r t h -l i k e conditions when they are given sufficient volume:
Movement -The ability of the body to move freely and t r a v e l to different locations Sensory v a r i e t y -Changing sounds, s m e l l s , t a s t e s , and visual e x p c r i e n c e i (volume permitting s e p a r a t e compartments of v a r i e d decoration and functions) P r i v a c y and s o c i a l protocol -The choice of companions within l i m i t s ; a division of labor which r e s u l t s in a fairly s e t protocol for i n t e r p e r s o n relations; the option for privacy However, t h i s is obviously an oversimplification, 1.
2.
3.
4.
Accommodative body functions -The ability of m e c h a n i s m s , such as the refocus f r o m far to near objects (voice volume, m u s c l e coordination, and hearing a r e controlled by t h e i r r e l a t i v e distance to objects) I n t h e s m a l l s p a c e c r a i t , everything with \yhirli t h e man i n t e r a c t s i s at a f a i r l y constant distance with the exception of v e r y c l o s e o r v e r y f a r visually perceived objects. accommodative r e a c t i o n s t o distance.-A l a r g e volume p e r m i t s a continuation of normal F i g u r e 4 d e s c r i b e s the e x t r e m e s of habitability. The c r a f t on the l e f t cannot he expected t o p e r f o r m the same missions as the m o n s t e r on the right, hut t h e c o s t of the huge vehicle would r e q u i r e a g r e a t r e t u r n in performance. m o r e spacious than the two-man experimental c a p s u l e , but s m a l l e r than the city in o r b i t , suggested by the a r t i s t .
The optimum s p a c e c r a f t for long-duration m i s s i o n s will be The Navy habitability s u r v e y serves as the b a s i s for recommendations f o r minimum s p a c e r e q u i r c m e n t s p e r m a n , based upon the needs of the individual and the uSe of the area. and l e i s u r e a c t i v i t i e s , a minimum of 90 square f e e t p e r man, including 40 s q u a r e f e e t of unincumbered a r e a , w a s recommended. The I C Y polar expedition facility allowed nearly 100 s q u a r e f e e t p e r m a n i n the sleeping a r e a alone.
F o r q u a r t e r s used for s l r c p i n g , study, Table 3 shows various living a r e a recommendations. In o r d e r to evaluate the habitability f e a t u r e s of various space cabin configurations f r o m a physiological viewpoint, t h r c e confinement studies in simulated s p a c c cabins of differing configurations wcre conducted a t North A m e r i c a n Aviation, I n c . , Space and Information S y s t e m s Division over the p a s t two y e a r s (Reference 13). The hypothesis of the investigators was that a cabin allowing a largc living area and other habitable f e a t u r e s would show l i t t l e , if a n y , physiological d i f f c r c n c c s f r o m a n o r m a l life situation with a relatively s e d e n t a r y occupation such as that of an office w o r k c r . c o n t r a r y , l i f e i n v e r y s m d l cabins would r e f l e c t d r a s t i c a l l y reduced levels of metabolism and cardiovascular response a l m o s t commensurate with b c d r e s t s i t u a t i o n s .
On the All t h r e e s i m u l a t o r s w e r e wooden mock-ups of a p a r t i c u l a r vehicle
The f i r s t cabin study used a mock-up of a s m a l l , conical-shaped design. cabin with a n e x t e r i o r volume of about 450 cu it, providing a living volume (volume f o r human occupancy) of 200 cu f t , and living space of 39 sq f t . T h r e e m e n w e r e confined t h e r e f o r a period of s e v e n days. This cabin is dcsignated Cabin A . cylindrical configuration, Cabin B , which had an e x t e r n a l volume of about 3500 c u f t , an i n t e r i o r living volume approximately 1500 cu i t , and living space of a b o u t 150 sq it. F o u r subjects w e r e confined in t h i s study f o r s e v e n d a y s . Cabin C , the third cabin studied, w a s d i s c -l i k e i n configuration, with an e x t e r n a l volumc of approximately 3200 cu i t , an i n t c r i o r living volume of a b o u t 1600 cu it, and a living Space of about 400 sq it. w e r e confincd i n this mock-up f o r a period of f o u r days. ups provided t h e following living space per man: Cabin B , 37 sq ft; and Cabin C , ZOO sq ft. w c r e confined continuously for t h e period indicated, without any outside contact e x c e p t by intercom at p r o g r a m m e d i n t c r v a l s . simulatcd space mission with a scheduled w o r k -r e s t r e g i m e n was c a r r i e d out. All r e q u i r e m e n t s f o r cating, sleeping, p e r s o n a l hygiene, and investi- 
Control stations w h e r e psychological and
Determining the metabolic r e q u i r e m e n t s of the subjects o f f e r e d a m c a n s of a s s e s s i n g the various activity levels o c c u r r i n g i n each cabin. Comparing t h e values f o r the 70-Kg m a n i n each study it i s seen that t h e energy n e e d s v a r i e d considerably. the energy r e q u i r e m e n t s , i t i s a p p a r e n t that activity l e v e l s within t h e s e cabins m i g h t v a r y markedly, cven though the m i s s i o n t a s k s w c r c s i m i l a r .
In Cabin A w h e r e movcment, and consequently, activity w e r e reduccd to a minimum, t h e energy necds w e r e a l m o s t those of t h e b e d r e s t s t a t e (2300 Kcal per man-day).
Since the a m o u n t of activity d e t e r m i n e s
In Cabin B , because room s i z e space was available for movement, activity i n c r c a s e d accordingly, but thc activity was still on the lowcr limits c h a r a c t c r i s t i c of a sedentary occupation (2550 Kcal per manday). allowed activity l e v e l s well within thosc of thc ave'rage officc w o r k e r (2800 Kcal per man-day). activity to living space per m a n . It i s interesting to note that t h e f i g u r e of 90 sq ft of living space per m a n , recornmendcd for long duration m i s s i o n s , f a l l s on the upper l i m i t s of t h i s curve.
Cabin C, on the othcr hand, with a l a r g e amount of f r e e spacc, F i g u r e 5 shows a c u r v e based on these data that r e i a t e s Confinement within these various cabin configurations produced no evidencc of physiological i m p a i r m e n t ; however, changes s i m i l a r to those of a b e d r e s t state w e r e noted i n the very s m a l l cabin.
The general activity level of thc c r e w as m e a s u r e d by m e a n c a l o r i c expenditure i s r e l a t e d to thc living space per man provided by the cabin. The energy expendcd i n thc v c r y small cabin was n c a r the b c d r e s t activity level while that i n the v c r y l a r g e cabin w a s in the light office work range.
On this basis, a n a r e a of about 90 sq ft pcr man for space cabin simulation o r 700 cu f t per m a n f o r actual space cabin conditions, would bc optimum f o r long durations.
CREW WORK-REST CYCLE AND FITNESS REQUIREMENTS
Work-Rest Cycles
W o r k -r e s t cycles s t i l l r c q u i r e much concern f o r adequate crew duty
The optimum w o r k -r e s t cycle a n d scheduling a r r a n g e m e n t s for planning. space missions m u s t bc determined f r o m both f u t u r e r e s e a r c h and c a r l y manned satcllite operations. of habitability, s o m e d i s c u s s i o n i s w a r r a n t e d h e r e : howcver, b e c a u s e of the controversial n a t u r e , lack of substantial d a t a , and spccificity to m i s s i o n , no concretc recommendations can be made.
Sincc w o r k -r e s t cycling is an important i t e m Tasks that t h e m a n exccutes m u s t not only be sensible but a l s o contribute to the total m i s s i o n . Many of t h e problems a s s o c i a t c d with w o r k -r e s t cycles and
o p e r f o r m these predetermincd functions would then allow a crew to schedule their own w o r k -r e s t c y c l e s , so long as total s y s t e m output did not f a l l below c e r t a i n specified l i m i t s .
! f
In extendcd space and lunar operations, the metabolic cycle a n d the consequent periodicity of proficiency will r e q u i r e considerable attention f o r t h r e e reasons. F i r s t , and underlying the other two, pcople appear to be committed to the diurnal rhythm. It can be shifted, r e v c r s e d , lengthened, a 3 a n d shortened, hut neither broken nor eliminated. Second, t h e r e will b e no none of the c o m m o n r e f e r e n t s of the n a t u r a l sequence of day and night i n a n e x t r a t e r r e s t r i a l environment.
Consequently, a day-night cycle m u s t be
The d e g r e e that a simulated day-night cycle can Weightlessness m a y reduce the r e q u i r e m e n t for sleep. If wakefulness a n d productive activity are maintained by the total sensory input reacting upon the h u m a n , and if under subgravity conditions the total s e n s o r y input is substantially less than under n o r m a l conditons, how will this reduction i n input modify t h e r a t i o of work to sleep? Will 
It i s interesting t o note, however that t h e R u s s i a n
In o r d e r to maintain m o r a l e and high p e r f o r m a n c e f o r a long duration, a schedule m o s t closely resembling a n o r m a l e a r t h day should b e instigated. T h i s would p r o v i d e 8 to 12 h o u r s of work activity, 4 to 8 hours of f r e e o r l e i s u r e l y a c t i v i t i e s , and a n 8-hour s l e e p period. w o r k -r e s t c y c l e studies, many believe that two 4-hour sleep periods per d a y may b e m o r e d e s i r a b l e subjectively than an 8-hour period. r e g i m e a l s o m e r i t s consideration. The suggestion f o r ad-lib w o r k -r e s t cycles within m i s s i o n c o n s t r a i n t s may b e the m o s t productive of a l l , however.
R e c r e a t i o n a n d F i t n e s s F r o m the r e s u l t s of s e v e r a l This Adequate provisioning f o r l e i s u r e hours a n d relaxation is a n important f a c t o r f o r enhancing personnel m o r a l e , although t h e type of nonsedentary activity will be dependent on the area limitations of the s p a c e station or lunar base. i s essential. to maintain physical fitn'ess and h e l p reduce cardiovascular and musculoskeletol deterioration. will a l s o be r e q u i r e d .
F o r long-term s p a c e m i s s i o n s , a facility f o r physical e x e r c i s e A planned training and conditioning p r o g r a m will be n e c e s s a r y Sedentary and s e m i s e d c n t a r y activities P r o v i s i o n s for entertainment media such as motion p i c t u r e s , t e l evision, and radio will be important both f o r relaxation and a s informational contacts with e a r t h . The opinion survey conducted i n the Naval habitability studies
Fatigue can b e prevented by habitability
The fatigue in space or lunar operations is not faot-pounds-ofexpended-energy type. d e p r e s s i v e effects of sleep deprivation, or prolonged commitment to skilled or semi-skilled t a s k s , and the subsequent inclination or ability to continue those t a s k s . d e c r e m e n t i n proficiency (such as i m p a i r e d judgemcnt, slower decision time, and deciine in a l e r t n e s s ) , i n c r e a s e d variability of proficiency, degradation of attitudes and feelings, and v a r i o u s metabolic changes. It h a s repeatedly bcen found that the effects f r o m prolonged commitment t o a p a r t i c u l a r task are not completely dissipated by a n o r m a l period of sleep.
When the individual again r e s u m e s work, he gives e v e r y indication of being completely r e s t e d , but a s work continues, the beginning o r proficiency deterioration occurs 'sooner than during t h e previous work period, and p r o g r e s s e s at a f a s t e r rate.
Instead, it i s the fatigue associated.with the unacceptable l e v e l s , he may believe-he m a y even a r g u e with considerable n vehemence-that his proficiency has not changed. Thus, he e l e c t s t o continue working. number of f a t a l automobile accidents that occur late a t night and e a r l y in t h e morning.
The man is aware of h i s fatigue-general t i r e d n e s s , Despite the f a c t t h a t his proficiency m a y havc d e t e r i o r a t e d to
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The danger of this s h o r t of decision is r e f l e c t e d i n the f i e l d s , and they will have different egocentric f e e l i n g s and v a l u e s . T h e v a l u e assigned by a n individual to h i s speciality is often not the s a m e as the value that the organization a s s i g n s to his w o r k .
However, the n a t u r e of S p e c i a l i s t s have different t r a i n i n g in connection with their E a r l y i n the planning p h a s e s of the p r o g r a m , pictures of the s p a c e s t a t i o n o r planetary b a s e organization m u s t b e c o n s t r u c t e d as a sociological entity. t r a i n i n g p r o g r a m s , and will provide sensible i n p u t s for team-type approaches to work and work-cycle planning.
This concept will l e a d to adequate c r e w selection, orientation and
HABITABILITY INDEX
GENERAL
The engineer and human f a c t o r s specialist concerned with advanced p r o g r a m s i s confronted today with a variety of space cabin and planetary base s y s t e m s f o r which he must establish design r e q u i r e m e n t s . guidelines for human needs are established, but i n many c a s e s they remain inadequate. Frequently, t o l e r a n c e l i m i t s and optimum l e v e l s only a r e listed and the "grey" area between them is barely considered. human s y s t e m , then taken as an a g g r a g a t e , is seldom considered hut, rather, looked upon as a group of unrelated i t e m s .
Often,
The whole A frequent complaint voiced by t h e s e d e s i g n e r s is that t h e r e is no method o i comparing various s y s t e m s f r o m a human occupancy standpoint, and t h e r e is no optimum standard against which to m e a s u r e t h e i r p a r t i c u l a r design recommendations.
preceding sections, it i s the purpose now to suggest a means by which one s y s t e m can be compared to a n o t h e r , to itself over varying time p e r i o d s , and to a n ideal s y s t e m . The technique to be used i s to e s t a b l i s h a n index for human factors r e q u i r e m e n t s --a Habitability Index. In presenting the human f a c t o r s d a t a , s e v e r a l points must be borne i n mind. T o l e r a n c e l i m i t s givcn need not n e c e s s a r i l y be considered lethal-points, but most often r e p r e s e n t either a level a t which s e v e r e performance decrement is expected o r where physiologic damage o c c u r s . considered a s a n inhabitable zones index measurement. i t e m s considered, exposure time i s a n important f a c t o r ; however, most tolerance levels d e c r e a s e rapidly in a s h o r t period and become constant f u r long duration e x p o s u r e . Some f a c t o r s , living space and anoxic a c c l i m a t ization, f o r instance, change over a much g r e a t e r time period. long-duration s y s t e m s are under discussion, s h o r t t e r m effects are not presented herein.
Based upon the discussions p r e s e n t e d i n thc
The area outside tolerance l e v e l s must be F o r n e a r l y all the Since Until Habitability Indices a r e d e t e r m i n e d f o r the many real and proposed s y s t e m s , and numerous comparisons made a g a i n s t a c t u a l operations, it i s not possible to p r e d i c t system success o r f a i l u r e a t a n y given p e r c e ntile value. R a t h e r , the Habitability I n d e x can only provide a comparison guide f o r establishing optimum and n e a r optimum s p a c e system d e s i g n s , o r be used as a method of comparing contemporary p r o g r a m s .
t ,
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METHOD
The technique used i s the establishment of an "index number" by a variation of the method of "weighted a v e r a g e of relatives. " bility factor c o n s i d e r e d , a minimum or maximum tolerance and a n optimal level i s given --a l l i t e m s being listed f o r continuous exposure. r e s u l t allows comparison of various space system designs e i t h e r by individual i t e m ( s u c h as p C 0 2 ) , by subsystem (such as environmental control), or by total s y s t e m .
F o r e a c h habita-
The final For e a c h i t e m of the s y s t e m under consideration, a relative value ( p e r c e n t a g e ) is d e t e r m i n e d between the design o r operative value established and the optimum value listed. In o r d e r to equate the wide variety of f a c t o r s , the minimum ( o r maximum) tolerance i s considered as zero and the optimal level a s 100. The value f o r any p a r t i c u l a r system is some p e r c e n t between zero and 100.
The maximum t o l e r a n c e l e v e l of $02 f o r a long duration i s 20 mm Hg and the optimal l e v e l is l e s s t h a n 5. If the s y s t e m design allows a level o f 8 m m , then the relative value is the difference between 8 and 20, divided by the difference between 5 a n d 2 0 , o r 12/15 x 100 = 80%. carbon-dioxide l i m i t i s 80 p e r c e n t o f the optimum standard. The weights were established f o r individual i t e m s i n e a c h group and by
The Habitability Index for the total system i s finally determined.
group i m p o r t a n c e to performance and health. The s u m o f t h e s e weighted a v e r a g e s i s then divided by 10 (weight total) to determine the Habitability Index. 100%. determination.
EQUATIONS
The index for the Optimum Standard System (all optimal v a l u e s ) is Figure 6 i s an example of a d a t a s h e e t for Habitability Index
The method d e s c r i b e d above may be e x p r e s s e d for c l a r i t y a* follows: 1 >Most of thc following tables and c h a r t s r e p r e s e n t adaptation 01 data relative to habitability f a c t o r s from matcrials and s o u r c e s discussed in preceding s e c t i o n s . revi5lon is expected. Although the data chosen may not be broad enough 01' complete enough in scope, i t i s provided to allow initial habitability indices to be made.
Some of these a r e obviously based o n scanty data and Oxygen requirement - Table 4 . Tolerance l i m i t i s l o w e r
:
psia for durations over one month. Vibration - Figure 9 .
upper and l o w e r l i m i t s of unpleasant region respectively.
Optimum level is speech a n d s l e e p levels f . Tolerance lirnit and optimum level are g. Radiation - Table 6 . Considered inhabitable (zero percent) above permissible l i m i t s .
%. Actual l e v e l Recommended level RV = 2. Nutrition and P e r s o n a l Hygiene a . Nutrition - Table 8 Water f o r nutrition and for personal hygiene - Table 9 3 . Gravitation a . RV data - Table 10 . E s t i m a t e s a r e assumptive b.
n 9 1. PGV is pseudo gravitational vehicle -a n ideal
c3
Artifical -g curves - Figure 12. f artificial-g s y s t e m .
The shaded area is the human f a c t o r s design envelope.
RV f o r physiological need i s s a m e as for l u n a r -g 0 I 2.
3. b.
Volume per-man r e q u i r e m e n t s - Figure IO A r e a per-man r e q u i r e m e n t s -Figure t l .
refer to proposed space s y s t e m s . cabin.
Cabins one to four Cabin five is a n idealized 5. Crew w o r k -r e s t c y c l e s and f i t n e s s . Table 1 The e s s e n t i a l f a c t o r s of habitability which influence m a n ' s performance i n a s p a c e s y s t e m are environmental control, nutrition and personal hygiene, gravitation, living space, and c r e w f i t n e s s a n d w o r k -r e s t cycles.
RV -
Tolerance l i m i t s for p e r f o r m a n c e as w e l l as for physiologic damage can b e established f o r many of the habitability f a c t o r s .
Applying the mathematical technique f o r a n index of numbers to t h e s e habitability f a c t o r s , a Habitability Index can be established.
This index allows comparison of one s p a c e s y s t e m to another and to an optimum, s t a n d a r d s p a c e s y s t e m .
Maintenance of
2 .
.
4.
5.
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6 . Using habitability data presented i n this paper, Habitability Indexes can b e established for any s p a c e s y s t e m . 
